Crystal structure, composition and morphology of the precipitate in an aged Ti-51 at%Ni shape memory alloy have been examined by means of high voltage and high resolution analytical electron microscopy. As a result, the following have been clarified. The precipitate possesses a rhombohedral ratio in the unit cell is deduced to be Ni4Ti3, from consideration of space group. The composition is well consistent with Ni56Ti44 experimentally obtained from energy dispersive X-ray spectroscopy, within experimental error. The crystal structure is a slight modification of the B2 structure of matrix. The calculated intensity distribution in reciprocal space based on the structure model is in qualitative agreement with the observed one. Lenticular morphology of the precipitate, internal {154}R, twins and antiphase domains are successfully explained by the structure model. On the basis of this knowledge, a relation between the existence of such precipitates and the appearance of all-round shape memory effect is briefly discussed.
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titanium-nickel shape memory alloy, ageing, precipitate, crystal structure, allround shape memory effect, high voltage and analytical electron microscopy A nearly equiatomic Ti-Ni alloy is now well known as the most excellent shape memory alloy. In general, however, the Ti-Ni alloy as solution-treated is easily deformed by slip, which must be avoided to the utmost for the appearance of transformation pseudoelasticity as well as shape memory effect (1) . Accordingly, various factors affecting the critical stress for slip have so far been examined extensively(1)(2).
As a result, ageing has been turned out to be very effective for the avoidance of slip because of precipitation hardening. Recently, Nishida and Honma(3) found a peculiar phenomenon termed "all-round shape memory effect" in Ni-rich Ti-Ni alloys appropriately aged under constraint. They explained the phenomenon to be closely related to a certain kind of precipitates densely dispersed in the matrix crystal, having a composition of Ni14Ti11. However, the crystal structure of the precipitate has been variously reported so far, as summarized below.
Koskimaki et al. (4) A 0.25mm thick sheet of a Ti-51 at%Ni alloy was supplied from Tohoku Kinzoku Corporation. The alloy sheet was cut into 3mm diameter disks, and the disks were solutiontreated at 1273 K for 3.6ks in evacuated silica capsules and quenched into iced water. Subsequently, the specimens were aged at 773 K for 540ks so that the precipitate concerned might grow to a suitable size for analytical electron microscopy.
Thin foils for the electron microscopy were made by jet-polishing the specimens in an electrolyte containing 7% perchloric acid in acetic acid.
Electron microscopes used were a Hitachi HU-650 operated at 500kV and a Hitachi-H-600FE operated at 100kV. The latter high resolution analytical electron microscope, equipped with a field emission electron gun, enables us to carry out electron diffraction and energy dispersive X-ray (EDX) spectroscopy of very small areas (5nm in diameter at a minimum). The microarea electron diffraction can be done with high angular resolution betrather sharp reflections.
The microarea EDX spectroscopy can be performed without serious specimen contamination because of high and chamber(10).
Electron diffraction
According to Nishida and Honma(3) , the most remarkable all-round shape memory effect can be realized, when a Ti-51 at%Ni alloy is aged at 773 K for 3.6ks and the precipitate concerned is roughly 20nm thick and 100nm long. In the present study, however, the ageing period has been further prolonged up to 540ks so that the precipitate may grow to a larger size and EDX spectra may surely be obtained solely from the precipitate, being not mixed with those from the surrounding matrix crystal. Figure 1 is an example of electron micrographs of the TiNi alloy thus aged, in which lenticular precipitates, typically 100nm thick and 1000 nm long, are seen. Figure 2 (a) to (f) are several electron diffraction patterns taken from a few l enticular precipitates by means of high voltage electron microscopy. Some of the reflections, denoted with subscript B2, well correspond to the ones from a B2 type lattice of matrix, though all the patterns have been taken entirely from the inside of precipitates. The reflections like those of the matrix exhibit two kinds of intensities, as if they were fundamental and superlattice reflections from the B2 lattice. Other reflections, which are generally weak, aline along certain directions corresponding to the <321>*B2 reciprocal lattice vector, and are located at the positions dividing the length of the vectors into seven equal parts. Series of diffraction patterns shown in Fig. 2 can be regarded as those relatively rotated around the [213]*B2 reciprocal lattice axis. From these and many other zonal diffraction patterns obtained, the reciprocal lattice of the precipitate may be reduced to that in which the "1/7" reciprocal lattice points are simply added to the B2 type reciprocal lattice.
The reciprocal lattice of the precipitate thus reduced is turned out to be rhombohedral. The basis vectors of the rhombohedral reciprocal lattice, a*R, b*R and c*R, are expressed as follows, referring to the B2 type reciprocal lattice; 2. EDX spectroscopy Figure 5 (a) is an electron micrograph showing a largely grown precipitate, for which EDX spectroscopy has been carried out. Dark and bright domains are seen inside the precipitate, which will be examined later in detail. (b) is an electron diffraction pattern taken from the encircled region 1 (about 30nm in diameter) in (a). The EDX spectra shown in (c) are obtained from somewhere of the encircled region.
Diffraction patterns and EDX spectra were also taken from another encircled region 2, and they were virtually the same as those in (b) characteristic X-rays are seen in (c), and those on the lower and higher energy sides are identified with those originated from Ti and Ni atoms, respectively. The composition of the precipitate can easily be calculated from the intensity ratios of the characteristic X-rays from the constituent atoms using a thin foil approximation (11) and is shown in Table 1 , together with that of the surrounding matrix region. It is, thus, determined that the compositions of the precipitate and matrix are approximately Ni56Ti44 and Ni51Ti49, respectively. The former is in good agreement with that obtained by Nishida et al. (8) .
Analysis of crystal structure
As is well known, the intensity distribution in reciprocal space obtained by electron diffraction is not so quantitatively accurate. However, the observed intensity distribution appears to qualitatively consist of two kinds, i.e. strong and weak ones, as mentioned previously. The strong reflections apparently correspond to the fundamental ones from the B2 lattice, while the weak ones do to "1/7" reflections as well as the superlattice ones from the B2 lattice. This observed intensity distribution suggests that the precipitate crystal belongs to Lane symmetry 3, and the space group is expected to be either R3 or R3, since the reflections are verifield to satisfy the extinction rule for a rhombohedral lattice. Here, assuming the presence of center of symmetry, the space group R3 is chosen for the precipitate lattice. Next, parameters as to the coordinates of 14 atoms in the unit cell should be precisely determined. However, their precise determination is not possible in the present study based on electron diffraction, and so approximate atomic coordinates have been derived from the lattice correspondence between the precipitate and matrix (Fig. 3) , using the following relation;
where the subscripts R and B2 mean the rhombohedral and B2 cubic lattices, respectively. Since each of the general positions fI and fII Next, how 6Ti and 8Ni atoms are distributed among the possible positions a, b, fI and fII in the unit cell will be examined. There may be two possibilities; one is that 6Ti and 8Ni atoms are, respectively, located at the positions fI and a, b and fII, and the other is that they are, respectively, at the positions fII and a, b and fI. These two structures, however, differ from each other only in the choice of origin, and therefore, they are equivalent to each other. The atomic positions, a, b, fI and fII, in the unit cell are shown with cross marks in Fig. 3 , although strictly the lattice itself undergoes a slight rhombohedral distortion, as described later.
In the above structure model, atoms at the general positions fI and fII are assumed to occupy positions inherited from the matrix lattice. But, there is no guarantee for this assumption, and some deviation may take place along some directions, as mentioned already. Although the model is an approximate one in this way, the structure factor Fhkl has been calculated anyhow, and the result is shown in Table 2 . As seen from the table, the reflections expected from the structure model are classified into three types. Type 1 and 2 reflections apparently correspond to the fundamental's and superlattice's from a B2 type lattice, respectively. On the other hand, type 3 reflections are intrinsic in the rhombohedral lattice. Then the intensities of the three type reflections may be qualitatively strong, weak and very weak, as indicated in the 4th column of the however, have been divided into two kinds, strong and weak. That is, the two different kinds of superlattice reflections, type 2 and 3, have not been distinguished in the present electron diffraction study, but the calculated intensities appear to be in qualitative agreement with the experimental one.
Morphology and internal structure
The morphology of precipitates is lenticular, as mentioned previously (Fig. 1) . A trace analysis on the approximate habit plane has shown that the trace lies parallel to that of a {111}B2 plane, being consistent with a previous analysis(4).
As already pointed out(6)(8), the lenticular precipitates are very often observed to consist of several domains with dark and bright contrasts, and such domains are typically seen in Fig. 5(a) . A set of an electron micrograph and diffraction patterns shown in Fig. 6 is very suggestive of the crystallographic relation between the neighbouring domains with different contrasts. The central region of (a) is known to be the precipitate, from the diffraction patterns shown in (b) and (c), which were taken from the encircled regions b and c in (a), respectively. The patterns indicate that the habit plane of the precipitate lies almost parallel to the foil surface. Thus, the boundary between the precipitate and surrounding matrix is indistinct in this case. Now, it is to be noted that another diffraction pattern (d), the superposition of (b) and (c), has a mirror symmetry with respect to the (154)R plane, which corresponds inside the precipitate, and it has been analysed to be parallel to the (154)R plane trace. This unambiguously shows that the precipitate consists of the {154}R twins. The existence of twin itself was already pointed out by Nishida et al. (8) , although their explanation was different from ours, because of the difference in the structure model. It is very interesting to note that the twin boundary is not always planar, but rather curved in general, as actually observed clearly in Fig. 5(a) . Now, even in a single domain with the same contrast, an interface can be recognized, for example, between the encircled regions 1 and 2 in Fig. 5(a) , and it has closely been observed by the lattice imaging technique. Figure 5(d) shows such a lattice image, which was taken from the framed rectangular region 3 in (a), and the interface is seen as a white broad line running almost horizontally. The fringe spacing in both the regions is observed to be 0.56 nm corresponding to the interplanar spacing of (101)R plane. It is to be noted that there is not apparent displacement nor distortion of the lattice fringes across the interface. The nature of such an interface as well as the above mentioned curved twin interface will be discussed later in more detail in the light of the structure model. That is, in the B2 structure, every atomic row along <111>B2 directions is of the alternate alignment of Ni and Ti atoms, whereas in the hexagonal structure, the atomic rows along its c axis consist of the following two kinds; the atomic rows P, Q and R in (a) consist of only Ni atoms, but other rows are all the same as in the B2 structure. The existence of such atomic rows as P, Q and R may result in some lattice distortion along its c axis, because the atomic size of Ni is smaller than that of Ti by 26%, as estimated from the interatomic distance in their pure metals (15) . Parameters of the hexagonal unit cell can be calculated from those of rhombohdral unit cell to be aH=bH=1.12 and cH=0.510nm. Comparing these values with the corresponding ones of B2 matrix lattice, the precipitate lattice is known to be subjected to contraction, not to be ignored (2.3%), along the c axis, that is, it is distorted rhombohedrally, compared with the B2 matrix.
The considerable and insignificant amounts of misfits between the precipitate and matrix lattices, along the parallel and perpendicular directions to the c axis, respectively, may be consistent with the observed lenticular morphology of precipitates. This is because the thickenning growth was limited by the large amount of misfit, while the lengthenning growth was able to easily occur on account of the small amount of misfit. The latter small misfit may be elastically accommodated while the precipitates are small. As the precipitates grow further along the lengthwise direction, however, the elastic energy may be accummulated on the habit plane, and the increased elastic energy may be finally reduced by the introduction of misfit dislocations on the habit plane. In fact, dislocation networks were found on the habit plane of precipitates grown to a larger size by Koskimaki et al.(4) .
Very recently, Kainuma et al. (9) reported that when the matrix phase was under a compressive or tensile stress, precipitates were preferentially formed with the habit plane normal parallel or perpendicular to the stress axis, respectively. Such a precipitation behavior may be understood from the present observation that the precipitate lattice uniquely contracts along its habit plane normal, compared with the matrix lattice. That is, if precipitates are formed preferentially parallel to specific {111]B2 planes, the stress applied to the matrix can be relaxed most effectively.
The relative contraction of the precipitate lattice to the matrix lattice is expected to result in some expansion of the surrounding matrix lattice along its habit plane normal, as in particular. The tensile stress field in the matrix surrounding the precipitates is thus considered to play an essential role the appearance of the all-round shape memory effect.
Internal structure
As typically shown in Fig. 5(a) , the precipitate usually consists of several domains with dark and bright contrasts. Electron diffraction has revealed that the neighbouring domains are twin-related with respect to the { 154}R planes, having the common c axis. An atomic model for such a twin is schematically shown in Fig. 9 . It is to be noted that such a twin relation simultaneously holds as to the three equivalent {154}R planes, as easily seen. Therefore, the interface of this kind of twin is not always planar, but can be curved. In fact, curved interfaces are frequently observed in the present study, as typically shown in Fig.  5(a) .
There has been observed another type of interface inside the precipitates, i.e. the one lying between two regions with the same diffraction contrasts in Fig. 5(a) . This interface is supposed to be an antiphase domain boundary. Then, the present observation that there is not apparent displacement of a set of lattice fringes corresponding to the (101)R superlattice planes across the interface, suggests the relative displacement vector between the two antiphase domains to be 1/2.[111]R, which is equivalent to 1/2.[001]H. In fact, it is seen from Fig. 7 that the relative displacement of 1/2.[001]H surely creates an antiphase domain which is compatible with the observations. The precipitate in a Ti-51 at%Ni shape memory alloy aged at 773 K has been examined by high voltage and high resolution analytical electron microscopy. As a result, the following conclusion is obtained:
(1) The crystal structure of the precipitate is a rhombohedral one with a=0.670nm and unit cell. The compositional ratio of the constituent atoms in the unit cell is deduced from consideration of space group to be Ni4Ti3, 
The lenticular morphology of the precipitate is understood from the fact that the amount of misfits between the precipitate and matrix lattices is largely different between the directions parallel and perpendicular to the {111}B2 habit plane normal.
(3) The matrix lattice surrounding the precipitates is conceivable to expand in the direction parallel to the habit plane normal. The tensile stress field associated with the expansion may essentially be responsible for the appearance of the all-round shape memory effect.
(4) The precipitate is turned out to consist of {154}R twins. The curved twin interface is elucidated by the structure model of the precipitate. In each twin, antiphase domain boundaries are sometimes observed.
